S igma receptors were originally described in brain tissue, and Sigma ligands were developed to treat certain psychiatric disorders. 1 More recently, however, Sigma receptor antagonists have been shown to inhibit proliferation in mammary and colon carcinoma cell lines. 2 This has led to the development of specific Sigma ligands for diagnostic tumor imaging 3, 4 and specific Sigma antagonists to control tumor growth. 5 A striking characteristic of the human lens is that it continues to grow throughout life by the division of cells in the equatorial region and the consequential production of fully differentiated fiber cells. 6 The robust growth of lens cells becomes clinically significant in the events that follow cataract surgery where a capsular bag is formed to hold the implanted intraocular lens. The ability of lens epithelial cells to colonize the posterior capsule after surgery provides the basis for posterior capsule opacification (PCO), which can induce a marked deterioration in vision for a significant proportion of patients with cataract. 7 Spruce et al. 5 have recently shown that primary cultures of bovine lens cells are unusually sensitive to Sigma receptor antagonists, compared with most other normal, untransformed cells and the Sigma-1 receptor has been reported to be present in the lens epithelium of mice. 8 In this study, we evaluated the potential of Sigma antagonists to inhibit lens epithelial cell growth in our human capsular bag model. 9 The results show that not only is messenger RNA for the Sigma-1 receptor expressed in human lens cells, but growth is indeed inhibited by Sigma antagonists. Exposure to the antagonists also induced pigmentation of the epithelial cells and, intriguingly, pigment granules "of unknown origin" have been reported to be present in certain cataracts and aged human lenses. 10 Cell pigmentation is critically important in the eye where, for example, oculocutaneous albinism leads to a loss of visual acuity and in extreme cases, blindness. 11 The retinal pigment epithelium (RPE) is heavily pigmented and a major function of melanin is to protect the retina by absorbing stray light. 12 There is also evidence that melanin has an antioxidant and free radical scavenging ability, and this is important in a number of cell types. 13 The synthesis of pigment by certain cell types is of great importance, not only in terms of protective mechanisms, but also in the acquisition of an aggressive cell phenotype, for example, in malignant melanomas. 14 The mechanisms underlying pigment dynamics are not well understood, partly because of the complexity of the control processes, but also because of the lack of availability of a suitable model system that does not normally pigment, but can be made to produce fully formed pigment granules. We propose that the normally optically clear lens provides an excellent model system for studying the molecular mechanisms of pigment granule formation.
METHODS

Preparation and Culture of Capsular Bags
Human eye tissue donated for research was obtained from the East Anglian Eye Bank, and usage was in accordance with the tenets of the Declaration of Helsinki. Most eyes contained whole lenses, but four globes were also obtained from donors who had undergone cataract surgery. The resultant ex vivo capsular bag was dissected and used for RNA extraction.
As previously described, 15 a sham cataract operation was performed on donor eyes, and the resultant capsular bag and anterior epithelium were secured separately on PMMA dishes. Bags were maintained in EMEM alone 9 or EMEM supplemented with either 3 M rimcazole dihydrochloride (rimcazole), 10 M (ϩ)-SK&F 10047 hydrochloride (SKF), and 3 or 10 M BD1047 dihydrochloride (BD1047) and incubated at 35°C in a 5% CO 2 atmosphere. Ongoing cell observations were performed with a phase-contrast microscope (Nikon, Tokyo, Japan) and images captured with a digital camera (Coolpix 950; Nikon) with associated software.
Western Blot Analyses
After dissection, epithelial preparations were maintained in EMEM, with or without 3 M rimcazole for 5 days. Cells were then lysed on ice in buffer: 50 mM HEPES (pH 7.5), 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 10% glycerol, 10 mM sodium pyrophosphate, 2 mM sodium orthovanadate, 10 mM sodium fluoride, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 10 g/mL aprotinin. Lysates were precleared by centrifuging at 13,000 rpm 4°C for 10 minutes, 16 and the protein content of the soluble fraction assayed (Pierce, Rockford, IL). Equal amounts of protein from each sample were loaded onto 10% SDS-PAGE gels for electrophoresis and transfer onto polyvinylidene difluoride (PVDF) membrane (NEN Life Science Products, Boston, MA) with a semidry transfer cell (Trans-Blot; Bio-Rad, Herts, UK). Proteins were detected using a chemiluminescent blot analysis system (ECL ϩ ; Amersham Biosciences, Amersham, UK) with anti-TYR (Upstate Biotechnology, Lake Placid, NY), anti-TYRP1, anti-TYRP2, and anti-actin. The latter three were from Santa Cruz Biotechnology, Inc.
Reverse Transcription-Polymerase Chain Reaction
After dissection, epithelial preparations, including ex vivo capsular bags, were washed in serum-free EMEM, and RNA was collected from the cells by using a mini kit (RNeasy; Qiagen, Ltd., Crawley, UK). RNA (250 ng) was reverse transcribed in a 20-L reaction mixture (Superscript II RT; Invitrogen, Ltd., Paisley, UK). cDNA (1 L; diluted 1:5 in sterile double distilled water) was amplified by PCR in a 20-L reaction buffer in the following conditions: 0.5 M each primer (Invitrogen, Ltd.), 0.8 mM deoxy-nucleoside trisphosphate mixture (Bioline Ltd., London, UK), 10 mM Tris-HCl, 1.5 mM MgCl 2 , 50 mM KCl, and 2.5 U TaqDNA polymerase (Roche Diagnostics, Lewes, UK). PCR was performed by using the following program with a thermal controller (MJ Research Inc., Reno, NV): initial denaturation 94°C for 2 minutes, denaturation at 94°C for 40 seconds, annealing at 50°C for 30 seconds, and extension at 72°C for 40 seconds. Steps 2 through 4 were cycled 27 times (GAPDH); 36 cycles (Sigma-1 receptor) with a final extension at 72°C for 10 minutes. The oligonucleotide primer (5Ј-3Ј) sequences specific for the genes examined were as follows: GAPDH: ACCA-CAGTCCATGCCATCAC (sense) and TCCACCACCCTGTTGCTGTA (anti-sense); Sigma 1 receptor: 5Ј-AGCGCGAAGAGATAGC-3Ј (sense) and 5Ј-AGCATAGGAGCGAAGAGT-3Ј (anti-sense). 8 PCR products, together with the 100-bp DNA markers (Invitrogen-Life Technologies), were run on a 1% agarose gel, and images were captured and analyzed (1D system; Eastman Kodak, Rochester, NY).
C-Tyrosine Uptake
Capsular bags were maintained in EMEM or EMEM supplemented with 3 M rimcazole for 7 days (when the pigment granules could be observed in cells). Then, 2 Ci/mL of 14 C-tyrosine (Amersham Biosciences) was then added to each dish for an additional 24 hours. The bags were washed briefly twice with fresh EMEM, and the medium was then replaced with 1 mL of ice-cold 5% trichloroacetic acid (TCA). After 30 minutes, the TCA was removed from each well to determine cytosolic tyrosine levels. Then, 1 mL of 250 mM NaOH was added to each dish to digest the preparation and determine the radioisotope levels in the remaining fraction. Ten milliliters of scintillation fluid (HiSafe Supermix; PerkinElmer Life Sciences, Wellesley, MA) were then added to each scintillation vial and the samples assayed with a scintillation counter (PerkinElmer Life Sciences).
Transmission Electron Microscopy
The anterior epithelium and capsular bag specimens were fixed in 4% paraformaldehyde while they were attached to the Petri dish. They were then postfixed for 1 hour in 1% glutaraldehyde and for 30 minutes in osmium tetroxide (OsO 4 ) in PBS, washed in PBS and dehydrated through graded alcohols, and soaked in propylene oxide (two times for 15 minutes each) before overnight infiltration in resin (Durcupan; Sigma-Aldrich, St. Louis, MO) and propylene oxide (1:1) followed by resin. Sections of 70-nm thickness were mounted onto copper grids and stained with 1% uranyl acetate and lead citrate before viewing in a transmission electron microscope (Tecnai 12; FEI, Hillsboro, OR) equipped with plates (model FDL5000; Fuji, Tokyo, Japan) which were scanned digitally (Ditabis, Pforzheim, Germany).
Statistical Analysis
All results are expressed as mean Ϯ SEM. All experiments were performed on a matched-pair basis, with one donor eye serving as the control and the other eye from the same donor as the tested eye. Data were analyzed by a two-tailed t-test assuming equal variance. The level of significance was set as P Յ 0.05.
RESULTS
The data in Figure 1A show that messenger RNA for the Sigma-1 receptor was expressed in native human anterior and equatorial epithelial lens cells and expression was also retained in cells from a capsular bag recovered from a donor who had undergone cataract surgery (ex vivo bag). The growth of cells within the capsular bag cultured in vitro (Figs. 1B, 1C, 1D) shows the same pattern as found in vivo; in both cases, the posterior capsule was covered by a single monolayer of epithelial cells within approximately 14 days. The robust nature of this growth is shown by the fact that cell coverage occurred in vitro without the addition of serum or added growth factors. This robust growth was inhibited by the relatively nonselective Sigma antagonist rimcazole (Fig. 1B) , and we have further shown that the Sigma-1 selective antagonist BD1047 17 (10 M) also inhibited growth (Fig. 1C) . Although the Sigma-2 receptor plays an important role in cell survival and growth in several systems, 18 the sensitivity of lens cells to BD1047 indicates that the Sigma-1 receptor may play the more important role in lens cells. The Sigma receptor agonist (ϩ)-SKF 10047 had no significant effect on growth when added alone (Fig. 1D) . Cell growth in human lens cells can be entirely suppressed and cell death induced by inactivating the endoplasmic reticulum (ER) calcium store, 19 and it is interesting that the Sigma-1 receptor appears to be located primarily in this compartment. 20, 21 In fact, Sigma receptor agonists and antagonists have a profound, but complex, effect on calcium signaling, 4, 5, 20, 22 which could help to explain why growth ultimately ceased and cells on the posterior capsule regressed when exposed to rimcazole or BD1047 for long periods (data not shown). Consistent with a role for calcium in Sigma-antagonist-mediated lens cell growth inhibition, we have recently found that rimcazole empties the ER store in human lens cells (Collison DJ, Wang L, Duncan G, unpublished data, 2003) . In addition, Sigma-1 receptor stimulation appears to be anti-apoptotic, 5 and antagonists such as BD1047 would therefore be expected ultimately to induce cell death.
The retardation of growth on the posterior capsule generally took 7 days to become apparent, and during that time the cells became increasingly pigmented (Fig. 2A) . Control cells, on the contrary, remained quite clear. Confluent anterior cells and actively growing posterior cells both underwent pigmentation. When the antagonist-treated cells were viewed using the transmission electron microscope (Fig. 2B) , the pigment was seen to be packaged in vesicles and appeared to follow the (Fig. 2C) . 23 The first stages of melanin synthesis involve the incorporation of tyrosine into the cell, and whereas rimcazole had no effect on uptake of labeled tyrosine into the freely exchanging pool (data not shown), it induced a significant increase in incorporation into the TCA precipitable fraction of matchpaired capsular bags (Fig. 3B) , indicating that it may be incorporated into melanin. We therefore investigated the expression of other critical components of the tyrosine-melanin pathway (Fig. 3A) 24 -specifically, TYR, TYRP1, and TYRP2. Surprising in an optically clear tissue such as the lens was that all three components were found to be present. Figure 3C gives the comparison of the expression of these proteins with two heavily pigmented cell types: human RPE cells (lane 2) and the melanoma cell line A2508 (lane 3). The non-lens cells appear to have associated higher molecular weight species that probably reflect posttranslational modification of the original proteins. It should be noted that Zhao and Overbeek 25 failed to detect mRNA transcripts for TYRP2 in the developing murine lens. This discrepancy may reflect species differences or indeed a low level of gene activity relative to protein levels. Pigment granules are present in capsular bag cells after 5 days of exposure to 3 M rimcazole and the protein expression data obtained at this time reveal a significant upregulation of TYR and TYRP1 (Fig. 3D) . In these experiments, it was invaluable to be able to carry them out in a matched paired format. Although there was variation from donor to donor, the immunoblots from the rimcazole-treated epithelia for TYR and TYRP1 always gave a higher absorbance value than those from the control samples.
DISCUSSION
The growth data in Figure 1 confirm the conclusions of Spruce et al., 5 drawn from experiments on cultured bovine cells, that the lens is unusually sensitive to Sigma receptor antagonism. Untransformed cells are not usually influenced by these antagonists, and Spruce et al. 5 ascribed the sensitivity of lens and microvascular endothelial cells to their self-reliant, autocrine mode of survival. We have recently shown that human lens cells grown on the posterior capsule not only survive but actively proliferate in growth-factor-free EMEM. 9 The molecular mechanisms for the growth inhibition are unknown, but they are believed to involve calcium signaling, channel modulation, and eventual apoptosis. 2, 5, 26 Although human lens cells exposed to rimcazole for prolonged periods ultimately die, they appear to undergo all the normal processes of melanin production 23,27 before they do so. Stage 1 is initiated in the ER, 28 and the progression to the fibrillar stage appears to involve both TYRP1 and -2. Once the fibrillar matrix has been generated, melanin synthesis is initiated and electron-dense pigment becomes deposited on the fibrils. TYR plays a critical role at this time. The availability of tyrosine itself is also important, and there is evidence that tyrosine levels can control the proliferative activity of pigmented cells. 29 High levels of tyrosine inhibit proliferation and increase the proportion of pigmented, highly differentiated cells. It should be noted that Spruce et al. 5 failed to report a similar pigmentation in bovine cells exposed to rimcazole, but they used higher concentrations of rimcazole, inducing rapid cell death and did not perform the detailed phase and EM studies necessary to establish the presence of pigment granules.
It is now accepted that several factors increase pigmentation of melanoma cells, and these include an upregulation of TYR and the tyrosine-related proteins. 14, 27 Conversely, oculocutaneous albinism, an ER retention disease, involves mutations of either TYR or TYRP1. 11 Human lens cells not only express TYR, TYRP1, and TYRP2, but the Sigma antagonist rimcazole significantly increased the expression of two of these. Furthermore, both Sigma antagonists increased pigment granule production in capsular bag cells. The human lens, therefore, has the potential, throughout life, to produce pigment granules but does not except under certain special circumstances. The data presented herein, suggest that one function of Sigma receptors could be to modulate pigment formation. Their location in the ER and their possible role in protein trafficking 20 indicate that they could control both proliferation, which in the human lens is critically dependent on a functional calcium store 19 and also melanin production, which initiates in the ER. 28 Iris pigmentation is increased on exposure to PGF2␣ ligands, 30 and tyrosinase expression is upregulated in cultures of iris cells exposed to latanoprost, a PGF2␣ receptor agonist. 31 Furthermore, this receptor signals by releasing calcium from the ER.
The question remains as to why the lens expresses elements of the potentially damaging melanin biosynthesis pathway. In fact, the original investigators of both cataracta nigra (Fig. 4) and age-related axial pigmentation of the human lens suggested a possible explanation. 10 Although they did not know the source of the pigment granules they identified, the authors proposed that it might be within the lens itself and argued that, if this were the case, the lens must possess at least some of the enzymes involved in melanin synthesis (Fig. 3A) . They also pointed out that most of the melanin precursors are actually powerful antioxidants 10 and so could play a protecting role. In this context, it is known that skin or RPE cells respond to photo-oxidation insults by increasing melanin production. 13 The cataracta nigra lens illustrated in Figure 4 shows that the black pigmentation of the anterior portion of the lens accompanies a dense brunescent nuclear cataract. In nuclear cataract, the central regions of the lens have a high concentration of oxidized methionine and glutathione, as well as protein-mixed disulfides, all indicating prolonged oxidative insults to the lens. 33 The lens becomes increasingly brunescent with age and browning via the Maillard reaction, 34 and tryptophan oxidation 6 undoubtedly contributes to this process, which is accelerated in nuclear cataract. 34 Intriguingly, the melanin synthesis pathway can also produce brunescent products in the presence of free sulfhydryl groups. 35 Pirie 36 has pointed out that exposure of lens proteins to oxidized tyrosine itself can produce brunescent products. An increasing activation of the tyrosine-melanin synthesis pathway has thus the potential to explain not only cataracta nigra, but also the brunescent pigmentation in the much more common age-related nuclear cataract. 10, 34, 36 Sigma receptors of different subtypes appear to act in opposite ways to regulate apoptosis. Sigma-1 receptors appear to be antiapoptotic, whereas Sigma-2 receptors are proapoptotic, 5, 18 and Sigma-1 receptors may also be involved in neuroprotection. 37 The Sigma-1 knockout mouse shows no abnormal phenotype and behaves in a manner similar to their control littermates. However, they show different physiological responses when stressed, 38 and this may also be critical in the lack of induction in lens changes. We cannot unequivocally propose a Sigma-1-specific role for the antagonist effects that we observe, as we cannot exclude that the Sigma-2 receptor may be present in the human lens. Until this receptor is cloned and sequenced and the appropriate reagents are available this, will have to remain unresolved. However, we have established the presence of Sigma-1 and have found that the Sigma-1-specific antagonist BD1047 induces pigmentation. We there-FIGURE 4. Section through a cataracta nigra lens removed by cryoprobe attached to the anterior surface (uppermost) followed by intracapsular extraction. The lens (1.1 cm in diameter) was frozen at Ϫ20°C immediately after surgery and later bisected, thawed at ambient temperature (18°C), and photographed. This lens was in fact processed as part of a past comparative cataract study involving the photography of lenses in vivo and in vitro. 32 The data were not used, as the patient could not focus for comparative in vivo photography.
fore suggest that the Sigma-1 receptor has an important protective role in minimizing the harmful effects of photooxidation. In cells where the melanin pathway has been upregulated, it is crucial to distribute correctly the enzyme components if full melanin synthesis is not to be the result. Sigma-1 ligands are known to disrupt the dynamic relationship of the receptor with the ER, 20 and this we propose links the unscheduled production of pigment granules with inhibition of cell growth.
